Abstract: At present, there are several measurements of B decays that exhibit discrepancies with the predictions of the SM, and suggest the presence of new physics (NP) in b → sµ + µ − transitions. Many NP models have been proposed as explanations. These involve the tree-level exchange of a leptoquark (LQ) or a flavor-changing Z boson. In this paper we examine whether it is possible to distinguish the various models via CP-violating effects in B → K ( * ) µ + µ − . Using fits to the data, we find the following results. Of all possible LQ models, only three can explain the data, and these are all equivalent as far as b → sµ + µ − processes are concerned. In this single LQ model, the weak phase of the coupling can be large, leading to some sizeable CP asymmetries in B → K ( * ) µ + µ − . There is a spectrum of Z models; the key parameter is g µµ L , which describes the strength of the Z coupling to µ + µ − . If g µµ L is small (large), the constraints from B 0 s -B 0 s mixing are stringent (weak), leading to a small (large) value of the NP weak phase, and corresponding small (large) CP asymmetries. We therefore find that the measurement of CP-violating asymmetries in B → K ( * ) µ + µ − can indeed distinguish among NP b → sµ + µ − models.
Introduction
At present, there are several measurements of B decays involving b → s + − that suggest the presence of physics beyond the standard model (SM). These include 1. B → K * µ + µ − : Measurements of B → K * µ + µ − have been made by the LHCb [1, 2] and Belle [3] Collaborations. They find results that deviate from the SM predictions. The main discrepancy is in the angular observable P 5 [4] . Its significance depends on the assumptions made regarding the theoretical hadronic uncertainties [5] [6] [7] . The latest fits to the data [8] [9] [10] take into account the hadronic uncertainties, and find that a significant discrepancy is still present, perhaps as large as ∼ 4σ.
2. B 0 s → φµ + µ − : The LHCb Collaboration has measured the branching fraction and performed an angular analysis of B 0 s → φµ + µ − [11, 12] . They find a 3.5σ disagreement with the predictions of the SM, which are based on lattice QCD [13, 14] and QCD sum rules [15] .
3. R K : The ratio R K ≡ B(B + → K + µ + µ − )/B(B + → K + e + e − ) has been measured by the LHCb Collaboration in the dilepton invariant mass-squared range 1 GeV 2 ≤ q 2 ≤ 6 GeV 2 [16] , with the result This differs from the SM prediction of R SM K = 1 ± 0.01 [17] by 2.6σ, and thus is a hint of lepton flavor non-universality.
While any suggestions of new physics (NP) are interesting, what is particularly intriguing about the above set of measurements is that they can all be explained if there is NP in b → sµ + µ −1 . To be specific, b → sµ + µ − transitions are defined via the effective Hamiltonian include both SM and NP contributions. Global analyses of the b → s + − anomalies have been performed [8] [9] [10] . It was found that there is a significant disagreement with the SM, possibly as large as 4σ, and it can be explained if there is NP in b → sµ + µ − . Ref. [9] gave four possible explanations: (I) C Numerous models have been proposed that generate the correct NP contribution to b → sµ + µ − at tree level 2 . Most of them use solution (II) above, though a few use solution (I). These models can be separated into two categories: those containing leptoquarks (LQs) [21] [22] [23] [24] [25] [26] [27] [28] [29] , and those with a Z boson [21, . But this raises an obvious question: assuming that there is indeed NP in b → sµ + µ − , which model is the correct one? In other words, short of producing an actual LQ or Z experimentally, is there any way of distinguishing the models?
A first step was taken in Ref. [54] , where it was shown that the CP-conserving, leptonflavor-violating decays Υ(3S) → µτ and τ → 3µ are useful processes for differentiating between LQ and Z models. In the present paper, we compare the predictions of the various models for CP-violating asymmetries in B → K * µ + µ − and B → Kµ + µ − .
CP-violating effects require the interference of two amplitudes with a relative weak (CP-odd) phase. (For certain CP-violating effects, a relative strong (CP-even) phase is also required.) In the SM, b → sµ + µ − is dominated by a single amplitude, proportional to V tb V * ts [see Eq. (1.2)]. In order to generate CP-violating asymmetries, it is necessary 1 Early model-independent analyses of NP in b → sµ + µ − can be found in Refs. [18] (CP-conserving observables) and [19] (CP-violating observables). 2 The anomalies can also be explained using a scenario in which the NP enters in the b → ccs transition, but constraints from radiative B decays and B 0 s -B 0 s mixing must be taken into account, see Ref. [20] .
that the NP contribution to b → sµ + µ − have a sizeable weak phase. As we will see, this does not hold in all NP models, so that CP-violating asymmetries in B → K * µ + µ − and B → Kµ + µ − can be a powerful tool for distinguishing the models. (The usefulness of CP asymmetries in B → K * µ + µ − for identifying NP was also discussed in Ref. [55] .) We perform both model-independent and model-dependent analyses. In the modelindependent case, we assume that the NP contributes to a particular set of WCs (and we consider several different sets). But if a particular model is used, one can work out which WCs are affected. In either case, a fit to the data is performed to establish (i) whether a good fit is obtained, and (ii) what are the best-fit values and allowed ranges of the real and imaginary pieces of the WCs. In the case of a good fit, the predictions for CP-violating asymmetries in B → K * µ + µ − and B → Kµ + µ − are computed.
The data used in the fits include all CP-conserving observables involving b → sµ + µ − transitions. The processes are B 0 → K * 0 (→ K + π − )µ + µ − , B + → K * + µ + µ − , B + → K + µ + µ − , B 0 → K 0 µ + µ − , B 0 s → φµ + µ − , B → X s µ + µ − , and B 0 s → µ + µ − . For the first process, a complete angular analysis of B 0 → K * 0 (→ K + π − )µ + µ − was performed in Refs. [55, 56] . It was shown that this decay is completely described in terms of twelve angular functions. By averaging over the angular distributions of B andB decays, one obtains CP-conserving observables. There are nine of these. Most of the observables are measured in different q 2 bins, so that there are a total of 106 CP-conserving observables in the fit.
For the model-independent fits, only the b → sµ + µ − data is used. However, for the model-dependent analyses, additional data may be taken into account. That is, in a specific model, there may be contributions to other processes such as b → sνν, B 0 s -B 0 s mixing, etc. The choice of additional data is made on a model-by-model basis. Because the modelindependent and model-dependent fits can involve different experimental (and theoretical) constraints, they may yield significantly different results.
CP-violating asymmetries are obtained by comparing B andB decays. In the case of B → Kµ + µ − , there is only the direct partial rate asymmetry. For B 0 → K * 0 (→ K + π − )µ + µ − , one compares the B andB angular distributions. This leads to seven CP asymmetries. There are therefore a total of eight CP-violating effects that can potentially be used to distinguish among the NP b → sµ + µ − models.
For the LQs, we will show that there are three models that can explain the b → sµ + µ − data. The LQs of these models contribute differently to b → sν µνµ , so that, in principle, they can be distinguished by the measurements of b → sνν. However, the constraints from these measurements are far weaker than those from b → sµ + µ − , so that all three LQ models are equivalent, as far as the b → sµ + µ − data are concerned. We find that some CP asymmetries in B → K ( * ) µ + µ − can be large in this single LQ model.
In Z models, there are g bs Ls γ µ P L bZ µ and g µµ Lμ γ µ P L µZ µ couplings, leading to a treelevel Z contribution to b → sµ + µ − . In order to explain the b → sµ + µ − anomalies, the product of couplings g bs L g µµ L must lie within a certain (non-zero) range. If g µµ L is small, g bs L must be large, and vice-versa. The Z also contributes at tree level to B 0 s -B 0 s mixing, proportional to (g bs L ) 2 . Measurements of the mixing constrain the magnitude and phase of g bs L . If g bs L is large, the constraint on its phase is significant, so that this Z model cannot generate sizeable CP asymmetries. On the other hand, if g bs L is small, the constraints from B 0 s -B 0 s mixing are not stringent, and large CP-violating effects are possible.
The upshot is that it may be possible to differentiate Z and LQ models, as well as different Z models, through measurements of CP-violating asymmetries in B → K ( * ) µ + µ − .
We begin in Sec. 2 with a description of our method for fitting the data and for making predictions about CP asymmetries. The b → sµ + µ − data used in the fits are given in the Appendix. We perform a model-independent analysis in Sec. 3. In Sec. 4, we perform model-dependent fits in order to determine the general features of the LQ and Z models that can explain the b → sµ + µ − anomalies. We present the predictions of the various models for the CP asymmetries in Sec. 5. We conclude in Sec. 6.
Method
The method works as follows. We suppose that the NP contributes to a particular set of b → sµ + µ − WCs. This can be done in a "model-independent" way, in the sense that no particular underlying NP model is assumed, or it can be done in the context of a specific NP model. In either case, all observables are written as functions of the WCs, which contain both SM and NP contributions. Given values of the WCs, we use flavio [57] to calculate the observables. By comparing the computed values of the observables with the data, the χ 2 can be found. The program MINUIT [58] [59] [60] is used to find the values of the WCs that minimize the χ 2 . It is then possible to determine whether or not the chosen set of WCs provides a good fit to the data. This is repeated for different sets of b → sµ + µ − WCs.
We are interested in NP that leads to CP-violating effects in B → K ( * ) µ + µ − . As noted in the introduction, this requires that the NP contribution to b → sµ + µ − have a weak phase. With this in mind, we allow the NP WCs to be complex (other fits generally take the NP contributions to the WCs to be real), and determine the best-fit values of both the real and imaginary parts of the WCs.
In the case where a particular NP model is assumed, the main theoretical parameters are the couplings of the NP particles to the SM fermions. At low energies, these generate four-fermion operators. The first step is therefore to determine which operators are generated in the NP model. This in turn establishes which observables are affected by the NP. The fit yields preferred values of the WCs, and these can be converted into preferred values for the real and imaginary parts of the couplings.
We note that caution is needed as regards the results of the model-independent fits. In such fits it is assumed that the NP contributes to a particular set of WCs. One might think that the results will apply to all NP models that contribute to the same WCs. However, this is not true. The point is that a particular model may have additional theoretical or experimental constraints. When these are taken into account, the result of the fit might be quite different. That is, the "model-independent" fits do not necessarily apply to all models. Indeed, in the following sections we will see several examples of this.
Finally, for those sets of WCs that provide good fits to the data, we compute the predictions for the CP-violating asymmetries in B → K * µ + µ − and B → Kµ + µ − .
Fit
The χ 2 is a function of the WCs C i , and is constructed as follows:
Here O th (C i ) are the theoretical predictions for the various observables used as constraints. These predictions depend upon the WCs. O exp are the the corresponding experimental measurements.
We include all available theoretical and experimental correlations in our fit. The total covariance matrix C is obtained by adding the individual theoretical and experimental covariance matrices, respectively C th and C exp . The theoretical covariance matrix is obtained by randomly generating all input parameters and then calculating the observables for these sets of inputs [57] .The uncertainty is then defined by the standard deviation of the resulting spread in the observable values. In this way the correlations are generated among the various observables that share some common parameters [57] . Note that we have assumed C th to be independent of the WCs. This implies that we take the SM covariance matrix to construct the χ 2 function. As far as experimental correlations are concerned, these are only available (bin by bin) among the angular observables in B → K ( * ) µ + µ − [2], and among the angular observables in B 0 s → φµ + µ − [12]. For χ 2 minimization, we use the MINUIT library [58] [59] [60] . The errors on the individual parameters are defined as the change in the values of the parameters that modifies the value of the χ 2 function such that ∆χ 2 = χ 2 − χ 2 min = 1. However, to obtain the 68.3% and 95.4% CL 2-parameter regions, we use ∆χ 2 equal to 2.3 and 6.0, respectively [61] .
The fit includes all CP-conserving b → sµ + µ − observables. These are 
Here q 2 represents the invariant mass squared of the dimuon system, and Ω represents the solid angle constructed from θ l , θ K * , and φ. There are therefore nine observables in the decay: the differential branching ratio, F L , A F B , S 3 , S 4 , S 5 , S 7 , S 8 and S 9 , all measured in various q 2 bins. The experimental measurements are given in Tables 6  and 7 in the Appendix.
In the introduction it was mentioned that the main discrepancy with the SM is in the angular observable P 5 . This is defined as [4]
The differential branching ratio of B + → K * + µ + µ − . The experimental measurements are given in Table 8 in the Appendix.
3. The differential branching ratio of B + → K + µ + µ − . The experimental measurements are given in Table 9 in the Appendix. When integrated over q 2 , this provides the numerator in R K ≡ B(B + → K + µ + µ − )/B(B + → K + e + e − ). Thus, the measurement of R K [Eq. (1.1)] is implicitly included here.
4. The differential branching ratio of B 0 → K 0 µ + µ − . The experimental measurements are given in Table 10 in the Appendix.
The experimental measurements of the differential branching ratio and the angular observables are given respectively in Tables 11 and 12 in the Appendix.
6. The differential branching ratio of B → X s µ + µ − . The experimental measurements are given in Table 13 in the Appendix.
BR(B
In computing the theoretical predictions for the above observables, we note the following:
• For B → K * µ + µ − and B 0 s → φµ + µ − , we use the form factors from the combined fit to lattice and light-cone sum rules (LCSR) calculations [64] . These calculations are applicable to the full q 2 kinematic region. In LCSR calculations the full error correlation matrix is used, which is useful to avoid an overestimate of the uncertainties.
• In B → Kµ + µ − , we use the form factors from lattice QCD calculations [65] , in which the main sources of uncertainty are from the chiral-continuum extrapolation and the extrapolation to low q 2 . In order to cover the entire kinematically-allowed range of q 2 , we use the model-independent z expansion given in Ref. [65] .
• In the calculation of the branching ratio of the inclusive decay B → X s µ + µ − , the dominant perturbative contributions are calculated up to NNLL precision.
The above observables are used in all fits. However, a particular model may receive further constraints from its contributions to other observables, such as b → sνν, B 0 s -B 0 s mixing, etc. These additional constraints will be discussed when we describe the modeldependent fits.
Predictions
Eq. (2.2) applies to B 0 → K * 0 µ + µ − decays. Here the seven angular observables S 3 , S 4 , S 5 , A F B , S 7 , S 8 and S 9 are obtained by averaging the angular distributions of B andB decays. However, one can also consider the difference between B andB decays. This leads to seven angular asymmetries: A 3 , A 4 , A 5 , A s 6 , A 7 , A 8 and A 9 [55, 56] . For B → Kµ + µ − , there is only the partial rate asymmetry A CP .
In general, there are two categories of CP asymmetries. Suppose the two interfering amplitudes are A SM = a 1 e iφ 1 e iδ 1 and A NP = a 2 e iφ 2 e iδ 2 , where the a i are the magnitudes, the φ i the weak phases and the δ i the strong phases. Direct CP asymmetries involving rates are proportional to sin(φ 1 − φ 2 ) sin(δ 1 − δ 2 ). On the other hand, CP asymmetries involving T-odd triple products of the form p i · ( p j × p k ) are proportional to sin(φ 1 − φ 2 ) cos(δ 1 − δ 2 ). Both types of CP asymmetry are nonzero only if the interfering amplitudes have different weak phases, but the direct CP asymmetry requires in addition a nonzero strong-phase difference. In the SM, the weak phase (= arg(V tb V * ts )) and strong phases are all rather small, and the NP strong phase is negligible [66] . From this, we deduce that (i) large CP asymmetries are possible only if the NP weak phase is sizeable, and (ii) triple product CP asymmetries are most promising for seeing NP since they do not require large strong phases.
In order to compute the predictions for the CP asymmetries, we proceed as follows. As noted above, we start by assuming that the NP contributes to a particular set of b → sµ + µ − WCs. We then perform fits to determine whether this set of WCs is consistent with all experimental data. In the case of a model-independent fit, the data involve only b → sµ + µ − observables; a model-dependent fit may involve additional observables. We determine the values of the real and imaginary parts of the WCs that minimize the χ 2 . In the case of a good fit, we then use these WCs to predict the values of the CP-violating asymmetries
In Ref. [55] , it was noted that A 3 , A 4 , A 5 and A s 6 are direct CP asymmetries, while A 7 , A 8 and A 9 are triple product CP asymmetries. Furthermore, A 7 is very sensitive to the phase of C 10 . We therefore expect that, if NP reveals itself through CP-violating effects in B → K ( * ) µ + µ − , it will most likely be in A 7 -A 9 , with A 7 being particularly promising.
Model-Independent Results
In Refs. [8, 9] , global analyses of the b → s + − anomalies were performed. It was found that there is a significant disagreement with the SM, possibly as large as 4σ, and that it can be explained if there is NP in b → sµ + µ − . Ref. [9] offered four possible explanations, each having roughly equal goodness-of-fits:
In this section we apply our method to these four scenarios. There are several reasons for doing this. First, we want to confirm independently that, if the NP contributes to these sets of WCs, a good fit to the data is obtained. Note also that the above solutions were found assuming the WCs to be real. Since we allow for complex WCs, there may potentially be differences. Second, the main idea of the paper is that CP-violating observables can be used to distinguish the various NP b → sµ + µ − models. We can test this hypothesis with scenarios I-IV. Finally, it will be useful to compare the model-independent and modeldependent fits.
Fits
The four scenarios are model-independent, so that the fit includes only the b → sµ + µ − observables. The results are shown in Table 1 . In scenarios II and III, there are two best-fit solutions, labeled (A) and (B). In both cases, the two solutions have similar best-fit values for Re(WC), but opposite signs for the best-fit values of Im(WC). In all cases, we obtain good fits to the data. The pulls are all ≥ 4, indicating significant improvement over the SM. Indeed, our results agree entirely with those of Ref. [9] . 
CP asymmetries: predictions
For each of the four scenarios, the allowed values of Re(WC) and Im(WC) are shown in Fig. 1 . In all cases, Im(WC) is consistent with 0, but large non-zero values are still allowed. Should this happen, significant CP-violating asymmetries in B → K ( * ) µ + µ − can be generated. To illustrate this, for each of the four scenarios, we compute the predicted values of the CP asymmetries A 7 , A 9 and A 8 in B 0 → K * 0 µ + µ − . The results are shown in Fig. 2 . From these plots, one sees that, in principle, one can distinguish all scenarios. If a large A 7 asymmetry is observed, this indicates scenario II, and one can differentiate solutions (A) and (B). A large A 9 asymmetry at low q 2 indicates scenario IV, while a large A 9 asymmetry at high q 2 indicates scenario III (here solutions (A) and (B) can be differentiated). Finally, if no A 7 or A 9 asymmetries are observed, but a sizeable A 8 asymmetry is seen at low q 2 , this would be due to scenario I.
This then confirms the hypothesis that CP-violating observables can potentially be used to distinguish the various NP models proposed to explain the b → sµ + µ − anomalies. This said, one must be careful not to read too much into the model-independent results. If NP is present in b → sµ + µ − decays, it is due to a specific model. And this model may have other constraints, either theoretical or experimental, that may significantly change the predictions. That is, since the model-independent fits have the fewest constraints, the CP-violating effects shown in Fig. 2 are the largest possible. In a particular model, there Table 1 for definitions of Re(WC) and Im(WC) in each of the four scenarios. may be additional constraints, which will reduce the predicted sizes of the CP asymmetries. For this reason, while a model-independent analysis is useful to get a general idea of what is possible, real predictions require a model-dependent analysis. We turn to this in the following sections.
Model-dependent Fits
Many models have been proposed to explain the b → sµ + µ − anomalies, of both the LQ [21] [22] [23] [24] [25] [26] [27] [28] [29] and Z [21, variety. Rather than considering each model individually, in this section we perform general analyses of the two types of models. The aim is to answer two questions. First, what are the properties of models required in order to provide good fits to the b → sµ + µ − data? Second, which of these good-fit models can also generate sizeable CP-violating asymmetries in B → K ( * ) µ + µ − ? We separately examine LQ and Z models.
Leptoquarks
The list of all possible LQ models that couple to SM particles through dimension ≤ 4 operators can be found in Ref. [22] . There are five spin-0 and five spin-1 LQs, denoted ∆ and V respectively, with couplings
In the fermion currents and in the subscripts of the couplings, q and represent left-handed quark and lepton SU (2) L doublets, respectively, while u, d and e represent right-handed up-type quark, down-type quark and charged lepton SU (2) L singlets, respectively. The LQs transform as follows under
Note that here the hypercharge is defined as Y = Q em − I 3 . In Eq. (4.1), the LQs can couple to fermions of any generation. To specify which particular fermions are involved, we add superscripts to the couplings. For example, g A number of these LQs, and their effects on b → sµ + µ − and other decays, have been analyzed separately. For example, in Ref. [81] , it was pointed out that four LQs can contribute toB → D ( * )+ τ −ν τ . They are: a scalar isosinglet with Y = 1/3, a scalar isotriplet with Y = 1/3, a vector isosinglet with Y = −2/3, and a vector isotriplet with Y = −2/3. These are respectively ∆ 1/3 , ∆ 1/3 , V µ −2/3 and V µ −2/3 . In Ref. [81] , they are called S 1 , S 3 , U 1 and U 3 , respectively, and we adopt this nomenclature below.
The S 3 LQ has been studied in the context of b → sµ + µ − in Refs. [23] [24] [25] [26] . U 1 has been examined in Refs. [21, 54] . In Ref. [27] , the U 3 LQ was proposed as an explanation of the b → sµ + µ − anomalies. Finally, in Refs. [28, 29] it was claimed that the tree-level exchange of a ∆ −1/6 LQ can account for the b → sµ + µ − results.
There are therefore quite a few LQ models that contribute to b → sµ + µ − , several of which have been proposed as explanations of the B-decay anomalies. We would like to have 
a definitive answer to the following question: which of the LQs in Eq. (4.1) can actually explain the b → sµ + µ − anomalies? Rather than rely on previous work, we perform an independent analysis ourselves.
LQ fits
The difference between model-independent and model-dependent fits is that, within a particular model, there may be contributions to new observables and/or new operators, and this must be taken into account in the fit. In the case of LQ models, the LQs contribute to a variety of operators. In addition to O There are several observations one can make from this Table. First, not all of the LQs contribute to b → sµ + µ − : ∆ 1/3 contributes only to b → sνν. Second, U 1 has two couplings, g q and g ed . If both are allowed simultaneously, scalar operators are generated, and these can also contribute to b → sµ + µ − . This must be taken into account in the modeldependent fits. The situation is similar for V µ −5/6 . Finally, the S 3 and U 3 LQs both have C We therefore confirm that the b → sµ + µ − anomalies suggest the presence of NP. For the scalar LQs, the results of the fits using only the b → sµ + µ − data are shown in Table 3 (we address the b → sνν data below). For the S 3 LQ, there are two bestfit solutions, labeled (A) and (B). (The two solutions have the same best-fit values for Re(coupling), but opposite signs for the best-fit values of Im(coupling).) From this Table, we see that only the S 3 LQ provides an acceptable fit to the data. Despite the claims of Refs. [28, 29] , the ∆ −1/6 LQ does not explain the b → sµ + µ − anomalies.
The vector LQs are more complicated because the U 1 and V Regarding fit (3), a few comments are useful. Although we allow all couplings to vary, the constraints apply only to products of couplings. This allows some freedom: the magnitude of g µs q does not affect the best-fit values of the WCs, so we simply set it to 1. Also, in order to avoid problems with correlations in the fits, we set g values. Finally, in Ref. [9] it was found that the global fit requires C The results of the fits are shown in Table 4 . There are several notable features:
1. We see that the b → sµ + µ − anomalies can be explained with the U 1 LQ [fit (1)] and the U 3 LQ. Like the S 3 LQ, they have C We therefore see that, of all the scalar and vector LQ models, only S 3 , U 1 and U 3 can explain the b → sµ + µ − anomalies. Furthermore, within the context of b → sµ + µ − processes, the models are equivalent, since they all have C µµ 9 (NP) = −C µµ 10 (NP). Finally, recall that the aim of this analysis is to differentiate different b → sµ + µ − NP models through measurements of CP-violating asymmetries in B → K ( * ) µ + µ − . As noted in the introduction, such CP asymmetries can be sizeable only if there is a significant NP weak phase. For the LQ model, we see from Table 4 that the real and imaginary parts of the coupling are of similar sizes. The NP weak phase is therefore not small, so that large CP asymmetries can be expected.
b → sνν
Above, we have argued that the S 3 , U 1 and U 3 LQ models are equivalent. However, from Table 2, note that the three LQs contribute differently to C µµ ν (NP), the WC associated with O ν , the operator responsible for b → sν µνµ . To be specific, the S 3 and U 3 LQs have C 
The WC contains both the SM and NP contributions:
; it allows for NP that is lepton flavor non-universal. This is appropriate to the present case, as the LQs have only a nonzero C µµ ν (NP). The SM WC is
where s W ≡ sin θ W and X t = 1.469 ± 0.017. The latest b → sνν measurements yield [83] B(B → Kνν) < 1.6 × 10 −5 ,
In Ref. [82] , the SM predictions for these decays were computed:
We define
Using Eqs. (4.7) and (4.8), we obtain
From Ref. [82] , R K and R K * can be written as Table 1 , scenario II), the b → sµ + µ − data implies that |C (4.12)
The above limit is significantly weaker than the result |C µµ ν (NP)| = O(1) coming from the fit to the b → sµ + µ − data. We therefore conclude that the b → sνν data cannot be used to distinguish the S 3 , U 1 and U 3 LQs.
Note that this conclusion may not hold if the LQs also couple to other leptons. For example, in Ref. [54] it was assumed that the LQs couple to (ν τ , τ − ) L in the gauge basis, and that couplings to (ν µ , µ − ) L are generated only when one transforms to the mass basis. In this case, the LQs contribute not only to b → sν µνµ , but also to b → sν τντ , which can alter the above analysis. Indeed, in Ref. [54] it is found that constraints from b → sνν are important in the comparison of the S 3 , U 1 and U 3 LQs.
Z bosons
Perhaps the most obvious candidate for a NP contribution to b → sµ + µ − is the tree-level exchange of a Z boson with a flavor-changing couplingsγ µ P L bZ µ . Given that it couples to two left-handed doublets, the Z must transform as a singlet or triplet of SU (2) L . The triplet option has been examined in Refs. [21, [30] [31] [32] [33] [34] . (In this case, there is also a W that can contribute toB → D ( * )+ τ −ν τ [67] , another decay whose measurement exhibits a discrepancy with the SM [68] [69] [70] .) If the Z is a singlet of SU (2) L , it must be the gauge boson associated with an extra U (1) . Numerous models of this type have been proposed, see Refs. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] .
The vast majority of these Z models use scenario II of Eq. (3.1): C µµ 9 (NP) = −C µµ 10 (NP). Thus, although the underlying details of these models are different, in all cases we can write
where
Here ψ qi is the quark doublet of the i th generation, and L = (ν µ , µ) T . When the heavy Z is integrated out, we obtain the following effective Lagrangian containing 4-fermion operators:
(4.14)
The first 4-fermion operator is relevant for b → sµ + µ − transitions, the second operator contributes to B 0 s -B 0 s mixing, and the third operator contributes to neutrino trident production.
Note that g µµ L must be real, since the leptonic current of Eq. (4.13) is self-conjugate. However, g bs L can be complex, i.e., it can contain a weak phase. This phase can potentially lead to CP-violating effects in B → K ( * ) µ + µ − via the first 4-fermion operators of Eq. (4.14). The question is: how large can this NP weak phase be? This is the question that is addressed in this subsection by considering constraints from b → sµ + µ − , B 0 s -B 0 s mixing, and neutrino trident production.
For b → sµ + µ − we have
Turning to B 0 s -B 0 s mixing, the SM contribution arises due to a box diagram, and is given by 16) where
Here x t ≡ m 2 t /m 2 W and η Bs = 0.551 is the QCD correction [71] . Combining the SM and NP contributions, we define In addition, the weak phase of B 0 s -B 0 s mixing is given by
From the above expressions, we see that, the larger g bs L is, the more Z models contribute to -and receive constraints from -B 0 s -B 0 s mixing. The experimental measurements of the mixing parameters yield [73] In the above, for ∆M SM s , we have followed the computation of Ref. [54] , using f Bs B Bs = 270 ± 16 MeV [72] , |V tb V * ts | = 0.0405 ± 0.0012 [61] , and m t = 160 GeV; ϕ ccs,SM s is taken from Refs. [74, 75] .
The Z will also contribute to the production of µ + µ − pairs in neutrino-nucleus scattering, ν µ N → ν µ N µ + µ − (neutrino trident production). At leading order, this process is effectively ν µ γ → ν µ µ + µ − , and is produced by single-W /Z exchange in the SM. This arises from the four-fermion effective operator
with an external photon coupling to µ + or µ − . In the SM, combining both W -and Zexchange diagrams, we have [76] [77] [78] [79] 
On the other hand, the Z boson contributes to Eq. (4.23) with the pure V − A form:
The theoretical prediction is then
to be compared with the experimental measurement [80] :
The net effect is that this will provide an upper limit on (g µµ L ) 2 /M 2 Z . For M Z = 1TeV and v = 246 GeV, we obtain the following 1σ bound on the coupling:
(4.28)
We now perform a fit within the context of this Z model. The fit includes the measurements of the b → sµ + µ − observables, B 0 s -B 0 s mixing (magnitude and phase), and the cross section for neutrino trident production. There are 106 degrees of freedom.
Our results are summarized in Table 5 . We see that a good fit is obtained for g can be sizeable only if the NP weak phase is large. However, from Table 5 , we see that From the above, we see that a large NP weak phase can only be produced in Z models if g µµ L is large. However, note that, while this is a necessary condition, it is not sufficient. In a particular Z model, it is necessary to have a mechanism whereby g bs L can have a weak phase. This is not the case for all models. As an example, in some models, the Z couples only tobb in the gauge basis. Its coupling constant is therefore real. The flavorchanging coupling tosb is only generated when transforming to the mass basis. However, in Refs. [21, 54] , this transformation involves only the second and third generations. In other words, it is essentially a 2 × 2 rotation, which is real. In these models a weak phase in g bs L cannot be generated.
CP Asymmetries: Model-dependent Predictions
In the previous section, we have identified the characteristics of NP models that can explain the b → sµ + µ − anomalies. We have found that there are three LQ models -S 3 , U 1 , U 3 -that can do this. All have C µµ 9 (NP) = −C µµ 10 (NP) and so are equivalent, as far as b → sµ + µ − processes are concerned. There is a whole spectrum of Z models that can explain the b → sµ + µ − data. What is required is that the Z have couplings g bs Ls γ µ P L bZ µ and g µµ Lμ γ µ P L µZ µ , and that g µµ L be ≥ 0.1. The purpose of this paper is to investigate whether these models can be distinguished by measurements of CP-violating asymmetries in B → K * µ + µ − and B → Kµ + µ − . To this end, the next step is then to compute the predictions of all models for the allowed ranges of the various asymmetries. For the LQ and Z models, the best-fit values and errors of the real and imaginary parts of the NP couplings are given in Tables 3 and 5 , respectively. (For the LQ model, the allowed region in the Re(WC)-Im(WC) plane is shown in the upper right plot of Fig. 1 (scenario II) .) With these we can calculate the predictions for the asymmetries for all models.
In Fig. 3 , we present the predictions for the CP asymmetries A 3 -A 9 in B 0 → K * 0 µ + µ − and A CP in B → Kµ + µ − . We consider the LQ model (solutions (A) and (B) ) and the Z model with g • Even in the presence of NP, the asymmetries A 3 , A 4 , A 5 , and A 9 are very small and probably unmeasurable.
• In the LQ and Z (g µµ L = 1.0) models, the asymmetries A s 6 and A CP can approach the 10% level in the high-q 2 region.
• The asymmetry A 8 can reach 15% in the low-q 2 region in the LQ and Z (g µµ L = 1.0) models; it is small in the Z (g µµ L = 0.1, 0.5) models.
• The most useful asymmetry is A 7 in the low-q 2 region. In the LQ and Z (g 
In the models, the real and imaginary parts of the couplings are allowed to vary by ±2σ.
Summary & Conclusions
There are currently a number of B-decay measurements involving b → s + − that exhibit discrepancies with the predictions of the SM. These include the angular analysis of B → K * µ + µ − , the branching fraction and angular analysis of B 0 s → φµ + µ − , and R K ≡ B(B + → K + µ + µ − )/B(B + → K + e + e − ). The model-independent global analysis of Ref. [9] showed that these anomalies can be explained if there is new physics in b → sµ + µ − . Assuming that the NP Wilson coefficients are real, the four possible scenarios are (I) C Many models have been proposed as explanations of the B-decay anomalies. The purpose of this paper is to investigate whether one can distinguish among these models using measurements of CP-violating asymmetries in B → K * µ + µ − and B → Kµ + µ − . (In the SM, all CP-violating effects are expected to be tiny.)
We begin by repeating the model-independent global analysis, this time allowing for complex WCs. We confirm that the four scenarios I-IV do indeed provide good fits to the data. Then, using the best-fit values and errors of the real and imaginary parts of the WCs, we compute the allowed ranges of the CP asymmetries in B → K ( * ) µ + µ − . We find that several asymmetries can be large, greater than 10%. More importantly, by combining the results of different CP asymmetries, it is potentially possible to differentiate scenarios I-IV.
We then turn to a model-dependent analysis. There are two classes of NP that can contribute to b → sµ + µ − : leptoquarks and Z bosons. We examine these two types of NP in order to determine the characteristics of models that can explain the B-decay anomalies.
Note that a specific model may have additional theoretical or experimental constraints, which must be taken into account in the model-dependent fits. This can lead to results that are quite different from the model-independent fits. Given a model that accounts for the b → sµ + µ − data, we compute its predictions for CP-violating effects. In order to generate sizeable CP asymmetries, the NP weak phase must be large.
We consider all possible LQ models and find that three can explain the B anomalies. All have C µµ 9 (NP) = −C µµ 10 (NP) (scenario II), and so are equivalent as far as the b → sµ + µ − data are concerned. The three LQs contribute differently to b → sν µνµ , and so could, in principle, be distinguished by measurements of b → sνν. However, we find that the constraints on the models from the present b → sνν data are far weaker than those from b → sµ + µ − , so that the three models remain indistinguishable. That is, there is effectively only one LQ model that can explain the b → sµ + µ − data. There are two best-fit solutions (A) and (B); both have |Im(coupling)/Re(coupling)| = O(1), corresponding to a large NP weak phase.
Many Z models have been proposed to explain the B anomalies, but most of these also have C −0.022 ± 0.008 ± 0.033 Table 6 . Experimental measurements of the differential branching ratio of
. The experimental errors are, from left to right, statistical, systematic and due to the uncertainty on the B 0 → J/ψK * 0 and J/ψ → µ + µ − branching fractions. 11.6 9.1 −7.6 ± 0.8 12.1 ± 0.4 ± 0.6 −0.54 ± 0.14 ± 0.30 Table 11 . Experimental measurements of the differential branching ratio of B 
